In this work the potential of fish scales as a suitable biosorbent for removal of Cr(VI) ions from aqueous solutions was investigated at various temperatures. The influence of temperature on equilibrium, kinetics as well as thermodynamic parameters was investigated. Various isotherm models such as Langmuir, Freundlich, R -P, D -R, Temkin and Halsey were used for the mathematical description of the biosorption of Cr(VI) ions onto fish scales. It was observed that Freundlich model exhibited the best fit to experimental data.
Introduction
Water pollution by heavy metals has been a major cause of concern for the environmental scientists all over the world since almost three decades. One such heavy metals of concern is chromium. Elemental chromium is a transition-group metal belonging to group VIB of the periodic table and has oxidation states ranging from -2 to + 6, of which the divalent, trivalent, and hexavalent forms are the most important. Elemental chromium does not occur naturally in the environment. The divalent (chromous) state is readily oxidized to the more stable trivalent (chromic) state. Although the hexavalent (including chromates) state is more stable than the divalent state, it is rarely found in nature. Cr(VI) compounds are strong oxidizing agents and are highly corrosive. Strong exposure of Cr(VI) causes cancer in digestive tract and may cause epigastric pain, nausea, vomiting, severe diarrhea and hemorrhage. Cr(VI) has an adverse potential to modify the DNA transcription process [1, 2] .
Hexavalent Chromium is known to be human carcinogen based on sufficient evidence of carcinogenicity in humans. Epidemiological studies in various geographical locations have consistently reported increased risks of lung cancer among workers engaged in chromate production, chromate pigment production, and chromium plating. Chromium and its compounds are widely used in metal finishing and chrome plating, in leather tanning, and in wood preservative industries producing large quantities of toxic pollutants and also used in textile dyeing processes, printing inks, drilling muds, pyrotechnics, water treatment, and chemical synthesis [3, 4, 5] .
Of the various treatment techniques available for chromium removal, the most commonly used ones are ion exchange, electro-dialysis, membrane filtration, chemical precipitation and adsorption. These methods suffer from disadvantages such as high reagent and energy requirements, incomplete metal removal, and generation of large quantity of toxic waste sludge [6, 7] . However, these technologies are most suitable in situations where the concentrations of heavy metal ions are relatively high. Some of these treatment methods involve high operating and maintenance cost and also produces secondary pollution there by limiting their applications. Therefore, there is a need to look for some alternative technique, which is efficient as well as cost effective.
Biosorption is currently gaining importance as one of the most promising technique for removal of heavy metals. The major advantages of biosorption over other conventional treatment methods are: low operating cost, high efficiency of metal removal even at low concentrations, easy to operate, no additional nutrient requirements, short operation time and improved selectivity for removal of heavy metals from effluent irrespective of toxicity [1, 5, 7] . Biosorption is an energy-independent method of binding metals to the cell wall of biomass and utilizes the ability of biological materials to accumulate heavy metals from waste streams by either metabolically mediated or purely physico-chemical pathways of uptake [8] . Biosorption has gained increased credibility during recent years, as it offers a technically feasible and economical approach.
Several biological materials were investigated for the removal of heavy metals using this technique. A wide range of non living biomass like bark, lignin, peanut hulls as well as live biomass like fungi, bacteria, yeast, moss, aquatic plants and algae has been used as biosorbent [9] [10] [11] [12] . For removing heavy metals both live and dead biomass can be used, but dead biomass offers advantages, as it is not subjected to operational environmental shocks like change in pH, temperature, presence of inhibitors etc. Moreover, nutrient supply is not required, and metal recovery is easy. Such biosorbents are very efficient in biosorption due to various functional groups present on their cell walls which helps in the process of adsorption.
The major objective of this study was to investigate the effect of temperature on biosorption of Cr(VI) while evaluating the potential of fish scales as the biosorbent. The fitness of biosorption equilibrium data for various isotherm models were used for the mathematical description of the adsorption of Cr(VI) ions onto fish scales depending on temperature. Different kinetic models were used to identify the possible mechanism of biosorption. The thermodynamic parameters were also evaluated from the biosorption experiments.
Materials and Methods

Preparation of the Biosorbent
Fish scales (predominantly Catla catla with little amount of Labeo rohita) were collected from the fish market located in Amingaon near IIT Guwahati. Collected Fish scales were washed repeatedly with water to remove impurities from their surface. After cleaning fish scales were rinsed with deionized water and dried for two days under the sun. The dried fish scales were converted into fine powder by grinding in a grinder (Bajaj, Model GX7) and kept in the oven at 70˚C for 2 h for removing moisture. The fine powder was sieved through 100 µm, 120 µm, 150 µm, 200 µm and 240 µm using screen seiver to obtain homogeneous known particle size of different fractions. These powdered biosorbent is then preserved in airtight polyethylene containers for further use. All the chemicals/reagents used in these studies were of analytical reagent grade and purchased from Merck, Germany; S. D. Fine Chem. Ltd., India and Rankem, India.
Preparation of Stock Solution
The stock Cr(VI) solution (1000 mg·L -1 ) was prepared by dissolving 2.8269 g of potassium dichromate (K 2 Cr 2 O 7 ) in 1000 mL of deionized water and shaking it for complete dissolution. This stock solution was diluted to obtain standard solutions, of various concentrations.
Batch Sorption Experiments
Batch sorption experiments for kinetic studies were carried out in 250 mL conical flasks at natural solution pH (5.85). Dry native biosorbent were thoroughly mixed individually with 100 ml of stock solution with different initial concentrations and the suspensions were shaken at different temperature (20 to 60˚C) using an incubator shaker (Daihan LabTech Co. Ltd, Model LSI-3016R). Samples of 5 mL were collected from the conical flasks at required time intervals viz. 20, 40, 60, 80, 100, 120, 150, 180, 210 and 240 min and were filtered through Whattman No. 1 filter paper. The filtrates were analyzed by UV-Spectrophotometer (Perkin Elmer, Model Lamda 35) for residual chromium concentration in the solution. The isotherm studies were carried out by varying temperatures from 20 to 60˚C at the natural pH of the solution by adding optimum dose of the biosorbent. From our initial experiments it was found that 0.05 g·L -1 is the optimum biosorbent dose. All the data presented in this manuscript are average of three experimental runs.
Metal Uptake
The biosorption equilibrium uptake capacity for each sample was calculated according to mass balance on the metal ion expressed as,
Where q is the equilibrium metal uptake capacity (mg g -1 ), V is the volume of the solution (l) and M is mass of biosorbent (g), C i is the initial metal ion concentration (mg·L -1 ) and C e is the equilibrium or final metal ion concentration (mg·L -1 ). The extent of sorption in percentage is found from the relation, ( ) (%) 100
Estimation of Standard Error
All the model parameters were evaluated by non-linear regression using MS Excel. The optimization procedure requires an error function to be defined in order to be able to evaluate the fit of the Equation to the experimental data [12] . Apart from the correlation coefficient (R 2 ), the residual or sum of squares error (SSE) and the standard error (SE) of the estimate were also used to measure the goodness-of-fit.
SSE can be defined as:
Standard error (S.E.) of the estimate can be defined as:
where q i is the observation from the batch experiment i, Q i is the estimate from the isotherm for corresponding q i , m is the number of observations in the experimental isotherm and p is the number of parameters in the regression model. The smaller SE. value indicates the better curve fitting.
Results and Discussion
Effect of Temperature on Metal Uptake
The contact time was evaluated as one of the most important factors affecting the biosorption efficiency and it is important that the experimental solution be allowed significant time to attain equilibrium. The biosorption efficiency increases with rise in contact time up to 180 min at 20 to 60˚C and after that it is almost constant. Figure 1 shows the biosorption efficiency as a function of contact time and temperature. It can be concluded that the rate of Cr(VI) binding with biosorbent is more at initial stages, which gradually decreases and become almost constant after an optimum period of 180 min at various temperatures (20 to 60˚C). The optimum contact time was selected as 180 min for further experiments. Below equilibrium time, an increase in the temperature leads to an increase in the Cr(VI) adsorption, which indicates kinetically controlled process [4, 6] .
Effect of initial Cr(VI) concentration
The biosorption of Cr(VI) was carried out at five different temperatures (20 to 60˚C) for three different concentrations (10, 30 and 50 mg·L -1 ). Figure 2 shows the effect of initial Cr(VI) concentration on uptake capacity on fish scales at different temperature by using three different concentration. At 20˚C, when the initial Cr(VI) concentration increased from 10 to 50 mg·L -1 , the uptake capacity of fish scales increased from 2.51 to 4.28 mg·g -1 . With the change in temperature from 20 to 60˚C, the uptake capacity and biosorption yield increased from 2.51 to 8.27 mg·L -1 for various concentrations respectively. The increase of the biosorption yield and biosorption capacity at increased temperature indicated that the adsorption of Cr(VI) ions by fish scales may involve not only physical but also chemical sorption [7, 8] . This effect may be due to the fact that at higher temperature an increase in active sites occurs due to bond rupture. The adsorption capacity increases with increase in solution temperature. This indicates that the adsorption of Cr(VI) on fish scales is an endothermic process [13] . 
t t
The temperature also remarkably influenced the equilibrium metal uptake as shown in Figure 2 The increase in the equilibrium sorption of Cr(VI) with temperature indicates that Cr(VI) ions removal by adsorption on fishscales favors at higher temperatures. This may be a result of increase in the mobility of the Cr(VI) ion with temperature. An increasing number of molecules may also acquire sufficient energy to undergo an interaction with active sites at the surface. Furthermore, increasing temperature may produce a swelling effect within the internal structure of the fish scales enabling large metal ions to penetrate further [4] . The increase of Cr(VI) removal with the initial Cr(VI) concentration is due to higher availability of Cr(VI) ions in the solution. The initial Cr(VI) concentration in the solution provides an important driving force to overcome mass transfer resistance of metal ions between the aqueous and solid phases [8] .
Biosorption Kinetics
To evaluate biosorption dynamics one of the major parameter is kinetics and the kinetic models like fractional power, zero th -, first-, second-, pseudo-first-, pseudo-second-order and intraparticle diffusion are used to test the experimental of biosorption data.
A simple kinetic analysis for sorption of Cr(VI) on to fish scales has been tested according to fractional power model [14] .
where q t is amount of sorbate sorbed at time t (mg g -1 ); k and are fractional power model constants and Table  1 shows the estimated parameters of the model. The constant was less than 1, correlation coefficients values were high (i.e. R 2 > 0.9534) and standard error values were low. The results indicate that the fractional power model was unable to describe the time-dependent Cr(VI) sorption by fish scales.
v v Experimental data were tested by the following zero-first-and second-order kinetic models:
The linear form of first-and second-order rate Equation is the most widely used for the sorption of a solute from a liquid solution and is given as: Table 1 The result indicate that, all the three kinetic models were having low correlation coefficient values and the standard error values were very high in order of zero th > first > second order. The experimental values of q e,exp also do not match the theoretical values of q e . Due to this reason these kinetic models were not applicable in the present case. Further to analyze the adsorption kinetics of Cr(VI) ions, three widely used kinetic models, viz., the pseudo-first-order, pseudo-secondorder and intraparticle diffusion were tested. 
The linear form of pseudo-first-order rate Equation is generally used for the sorption of a solute from a liquid solution and is given as [15] :
where q e and q t are the amount of the Cr(VI) ions adsorbed per unit mass at equilibrium and at time t (mg·g -1 ) and K d is the pseudo-first-order sorption rate constant (min -1 ). 
where q e is the maximum adsorption capacity (mg·g -1 ) for the pseudo-second-order adsorption; q t the amount of Cr(VI) ions adsorbed at equilibrium at time t (mg·g -1 ); K ' is the equilibrium rate constant of psedo-second-order adsorption (g·mg -1 ·min -1 ). Pseudo-second-order kinetic model is used to predict the kinetic behavior of adsorption with chemical sorption being the rate-controlling step [16, 17] and also this model is widely used to describe non-chemical and non-physical equilibrium. This model assumes that two reactions are occurring, the first one is fast and reaches equilibrium quickly and the second is a slower reaction that can continue for long time [12] . The reactions can occur either in series or in parallel. The initial sorption rate has been widely used for evaluation of the sorption rates. The linear plots of t/q t versus t for the pseudo-second-order kinetic model at various temperatures (20 to 60˚C) were shown in Figure  4 The values of the reaction rate constants and correlation coefficients and standard errors are listed in Table 2 The results indicate that standard error values were high, the correlation coefficients values were low. (i.e. R 2 < 0.9733) and q e values were not very close to q e,exp values.
The kinetic results were also analyzed by using the intra-particle diffusion model because the psedo-first-order and pseudo-second-order kinetic models could not identify the adsorption mechanism clearly. According to this model, intra-particle diffusion is the rate-controlling step if the lines passes through origin and the plot should be linear. Otherwise it is an indicative of some degree of boundary layer control which indicates that intra-particle diffusion is not only the rate-limiting step, but also other mechanisms (like physical adsorption, ion-exchange etc.) may control the rate of adsorption [6] . The intra-particle diffusion model given by Weber and Morris [18] is: ). The initial portion of the plot indicated an external mass transfer whereas the second linear portion is due to intra-particle or pore diffusion Figure 5 The intercept of the plot provides an estimation of the thickness of the boundary layer, i.e. the larger the intercept value the greater is the boundary layer effect. By using Equation (16) the slope of the plot was calculated as intra-particle diffusion rate constant K p (mg·g -1 ·min -0.5 ). In addition the theoretical q e values were close to the experimental q e,exp values, the standard error values were low and the correlation coefficients values were also high (0.9534 > R 2 < 0.9931) as shown in Table 2 .
The pseudo-second-order model's q e values were far off from the q e,exp values with a higher standard error values and low correlation coefficients (R 2 < 0.9733). The intra-particle diffusion model gave better q e values compared to the pseudo-second-order model along with a better standard error values and correlation coefficients. The above results suggested that the pseudo-first-order kinetic model represented the best correlation for the biosorption of total chromium onto fish scales at various temperatures.
Biosorption Isotherms
Equilibrium data, generally known as adsorption isotherms, are one of the most important data to understand the mechanism of the adsorption. Adsorption equilibrium data which expresses the relationship between mass of adsorbate per unit weight of adsorbent and liquid phase equilibrium concentration of adsorbate are represented by adsorption isotherms and provide important design data for adsorption system. Different isotherms were tested for their ability to correlate with the experimental results by comparing theoretical plots of each isotherm with the experimental data for the biosorption of Cr(VI) ions on fish scales at different temperatures. To describe the equilibrium between adsorbed Cr(VI) ions on fish scales (q e ) and Cr(VI) ions in solution (C e ) at various temperatures different classical adsorption isotherm two-parameter models namely Langmuir, Freundlich, Redlich-Peterson, Dubinin-Radushkevich (D-R), Tem kin and Halsey were used (plots not shown here). The isotherm constants, correlation coefficient (R 2 ), the residual or sum of squares error (SSE) and the standard error of the estimate (SE.) of these models for sorption of Cr(VI) on fish scales at different temperatures (20 to 60˚C) were presented in Table 3 scales will be in equilibrium with Cr(VI) ions in bulk solution. The model assumes uniform energies of adsorption on to the surface and no transmigration of adsorbate in the plane of the surface [19, 20] . The Langmuir adsorption isotherm assumes that adsorption occur at specific homogeneous sites within the adsorbent and has found successful application in many monolayer adsorption process.
The Langmuir model assumes that the uptake of Cr(VI) ions once a homogenous surface by monolayer adsorption without any interaction between adsorbed ions. At different temperatures, Cr(VI) ions held onto the fish. Langmuir isotherm can be defined according to the following formula:
The linear form of the Langmuir isotherm Equation is:
where C e is the equilibrium concentration (mg·L -1 ); q e the amount of metal ion sorbed (mg·g -1 ); q m is q e for a complete monolayer (mg·g ) and is related to the free energy of biosorption. A plot of 1/q e versus 1/C e for the adsorption gives a straight line of slope 1/(q max K L ) and intercept 1/q max . Equation (17) can be linearized in logarithmic form Equation (18) and the Langmuir constants can be determined. The K L values were increased from 0.0943 to 0.2019 (L·mg -1 ) and the maximum biosorption capacity (q m ) was found to be 5.0581 to 8.4603 (mg·g -1 ) with increase in temperature from 20 to 60˚C and the correlation coefficients, standard error values were shown in Table 3 . The effect of isotherm shape has been discussed with a view to predict whether the biosorption system is favorable or unfavorable. The rise in sorption capacity with temperature was because of rise in the kinetic energy of sorbent particles. Thus, the collision frequency between sorbent and sorbate increased, which resulted in the enhanced sorption on to the surface of the sorbent. Due to bond rupture at high temperature, there may be an increase in number of active sorption sites, which may lead to enhanced sorption.
The essential characteristics of the Langmuir isotherm can be expressed in terms of dimensionless constant separation factor R L , calculated using the following Equation:
where K L is the Langmuir constant (L·mg ).
The maximum adsorption capacity (q max ) of biosorbent calculated from Langmuir isotherm Equation defines the total capacity of the biosorbent for Cr(VI). The biosorption capacity of biosorbent increased with increasing the temperature. The highest value of q max obtained at 60˚C is 8.4603 mg g -1 . It appears to be the highest in comparison with the uptake obtained at the other temperatures ( Table 3) . The value of R L calculated from Equation (19) is presented in Table 3 . R L is a positive number whose magnitude determines the feasibility of the biosorption process. As the R L values lie between 0 and 1, the biosorption process is favorable [2, 13] . Further, the R L values for this study at all temperatures studied are between 0.5145 and 0.3311; therefore, the adsorption is spontaneous.
Freundlich isotherm is used for modeling the adsorption on heterogeneous systems. The Freundlich isotherm model can be explained as follows [21] : where q e is the amount of Cr(VI) adsorbed at equilibrium (mg·g -1 ); C e is the equilibrium concentration of chromium in solution (mg·L -1 ); K F and 1/n are the Freundlich adsorption isotherm constants indicates the sorption capacity and sorption intensity, respectively. Equation (20) can be linearized in logarithmic form Equation (21) and the Freundlich constants can be determined. The plot of ln q e versus ln C e for the adsorption was employed to calculate K F and n from the intercept and the slope values, respectively shown in Table 3 , where K F indicates the biosorption capacity of the biosorbent and n is a measure of the deviation from linearity of the adsorption [5, 22] . The n values were greater than unity, indicating that Cr(VI) ions are favorably adsorbed by fish scales. 
It has three isotherm constants, namely, K r , f, and g (0 < g < 1), which characterize the isotherm. Its limiting behavior is summarized. where g=1; i.e. the Langmuir form results and the constants K r and f are much greater than unity. 
i.e. the Henry's Law form results. Equation (23) can be converted to a linear form by taking logarithms:
Three isotherm constants, K r , f, and g can be evaluated from the linear plot represented by Equation (22) The Dubinin-Radushkevich (D-R) isotherm is more general than the Langmuir isotherm because it does not assume a homogeneous surface or constant adsorption potential. It was applied to distinguish between the physical and chemical adsorption of Cr(VI) ions. The sorption data was also subjected to Dubinin-Radushkevich model represented as follows [24] : 
where β is a constant related to the mean free energy of adsorption per mole of the adsorbate (mol ) from the intercept, and the value of β from the slope [2] . The mean biosorption energy (E; kJ·mol -1 ) can be related to  , when it is transferred to the surface of the solid from infinity in the solution and the mean biosorption energy (E; kJ·mol -1 ) can be calculated using the following relationship:
The mean free energy E (kJ·mol -1
) of adsorption was connected with Dubinin-Radushkevich (D-R) adsorption isotherm and calculated from Equation (29). This parameter gives information about physical or chemical ion exchange adsorption mechanisms. The magnitude of E < 8 kJ·mol -1 indicates that the adsorption process is of physical nature and for the values of E between, 8 and 16 kJ·mol -1 , the adsorption process follows chemical ion-exchange mechanism [1, 6, 8] . Table 3 shows R 2 values were low, standard error values were high, when the temperature increases from 20 to 60˚C, q m values were increased from 4.1086 to 7.4984 mg g -1 and the numerical value of adsorption of the mean free energies in-creased from 7.0998 to 11.4347 kJ·mol -1 , which may correspond to a chemical ion-exchange mechanism.
Temkin isotherm is based on the assumption that the heat of adsorption would decrease linearly with the increase of coverage of adsorbent and the model is used to evaluate the adsorption potentials of the adsorbent for adsorbates. Temkin and Pyzhev (1940) considered the effects of indirect adsorbate adsorbent interactions on adsorption isotherms. The heat of adsorption of all the molecules in the layer would decrease linearly with coverage due to adsorbate/adsorbent interactions [25] . The sorption data was subjected to Temkin Biosorption data was subjected to Halsey model given as follows [26] :
where q e is the amount of Cr(VI) adsorbed at equilibrium (mg·g -1 ); C e is the equilibrium concentration of chromium in solution (mg·L -1 ); K H and n H is Halsey isotherm constants. Figure 6 and are reported in Table 4 The negative values of ∆G o at different temperature studied, are due to the fact that the biosorption of Cr(VI) is spontaneous in nature [1, 6, 27, 28] . The increase in the magnitude of ∆G o with increase in temperature showed an increase in the feasibility of biosorption at higher temperatures. The positive value of ∆H o suggested the endothermic nature of the biosorption process. This was also supported by the increase in uptake capacity of Cr(VI) with increase in temperature [4, 5, 7] . The magnitude of ∆H o gives an indication on the type of biosorption, which can be either physical or chemical. If the heat of biosorption is between 2.1 -20.9 kJ·mol -1 , then the process is physical o suggested the increased randomness at the solid/solution interface during the biosorption process and also reflects the affinity of fish scales for Cr(VI) [8, 12, 13] .
Conclusions
Fish scales were used as the biosorbent to remove Cr(VI) from aqueous solutions at various temperatures. The results showed that the adsorption capacity increases with increasing temperature. Various kinetic models were tested to analyze the mechanism of biosorption and it was found that pseudo-first-order kinetic model agreed very well with the dynamic behavior for the biosorption of Cr(VI) onto fish scales. The Langmuir, Freundlich and D-R, Temkin, Halsey and R-P isotherm models were used for the mathematical description of the adsorption of Cr(VI) ions onto fish scales at various temperatures and the results suggested that the biosorption equilibrium data fitted well to the Freundlich model. Thermodynamic constants were also evaluated using equilibrium constants changing with temperature. The negative value of ∆G o indicated the spontaneity and it confirm a favorable adsorption of Cr(VI) onto fish scales. The positive values of ∆H o and ∆S o showed the endothermic nature and irreversibility of Cr(VI) biosorption, respectively. This study has revealed that fish scales can be efficiently used to remove Cr(VI) ions from aqueous solutions.
